As demonstrated in [1] , it is possible to get geometrical anisotropy with any enhanced transmission structure exhibiting a symmetry breaking in the transversal plane. Although this subject was widely studied by several researchers [2] [3] [4] [5] [6] [7] , guided modes were never directly engaged in the obtained anisotropy but surface plasmon excitation is always evoked. For example, in [3] , an original way to get an approximated quarter-wave plate (QWP) (with a phase difference of 75. 5 instead of 90 for an ideal =4 plate) exploiting the excitation of surface plasmon waves through a single cylindrical hole surrounded by an elliptical grating (Bbull's eye[ structure) is proposed. Nevertheless, the transmitted light intensity is probably very weak with regard to the incident one [8] .
Annular Aperture Arrays (AAA) were proposed in 2002 [9] as an efficient alternative solution to plasmonic structures [10] , allowing enhanced optical transmission (EOT) phenomenon. Instead of the excitation of a surface plasmon resonance, the EOT result from the excitation and the propagation of a guided mode inside the annular cavities engraved into a thick metallic film. The polarization and propagation properties of this guided mode (the TE 11 -like one) allow the control of the phase difference ðPDÞ between the two transversal components of the electric field resulting in the realization of anisotropic plates. For structures made in perfect conductors, such as noble metals in the terahertz and microwave domains, the design of the plate can be easily done using a semianalytical calculation of the transmission coefficient [11] , [12] . Recently, a metamaterial was proposed in [1] as a half-wave plate based on enhanced transmission structure working in the terahertz or microwave domains.
Wu et al. [13] studied the optical properties of a metal film perforated by coaxial elliptical aperture arrays. While the transmission in their work was attributed to the excitation of localized surface plasmon of the elliptical nanoparticles; we, on the other hand, investigate the guided modes inside the apertures. In [14] , an array of eccentric annular apertures were studied. However, both [13] and [14] have not studied or mentioned the anisotropy of their structures.
In this paper, giant optical birefringence is exploited to propose a new metallic structure acting as a QWP in the visible range. QWPs are commonly available for the visible range but remain difficult to be integrated into optical microchips. The proposed plate is based on AAA structure where the anisotropy is built by breaking the cylindrical symmetry of the core part and is substituted by an elliptical section shape (see Fig. 1 ). For the rest of the paper, we will refer to this plate structure as Elliptical Annular Aperture Array or E3A.
As mentioned earlier, E3A consists of an AAA, where the circular section of the central part, i.e., the core, is replaced by an elliptical section. As indicated in Fig. 1 , our structure has a large radius R iM along the x -direction and a small one denoted R im along the y -direction. The coordinates x and y correspond to the directions of the bi-periodicity of the structure. The outer metallic part of the aperture has a circular section with radius R o .
We start our work by presenting a model study of the E3A structure. The model consists on Eigenmodes determination of the infinite length waveguide. We use the order-N FDTD algorithm [15] , [16] to generate the dispersion diagram presented in Fig. 2 . The cases of perfect conductor and silver are studied. The blue lines in Fig. 2 correspond to the case of perfect conductor, and the red lines correspond to silver. 1 In each case, only the first three guided modes (0, 1, and 2) are considered. These modes are equivalent to the ones of a conventional coaxial waveguide with circular section. Mode 0 corresponds to the TEM mode, and is not degenerated, keeping the same radial (normal) polarization properties as for a cylindrical coaxial waveguide. The electric and magnetic field distributions are also presented on the left and on the right of the diagram specifically in the case of silver. As expected, one can verify that a pure TEM guided mode (effective index of 1) without cutoff occurs in the case of a perfect conductor. On the other hand, for the elliptical core shape, a breaking of degeneracy of the TE 11 mode occurs, leading to the apparition of the two polarized modes 1 and 2 along the x -and y -directions, respectively.
In the case of silver, similar modes (0*, 1*, and 2*) exist but their cutoff frequencies are red-shifted with regard to the case of perfect conductor [16] , [17] . In addition, they do not fully meet the nomenclature used for a perfect metal. For example, if we consider the TE 11 mode of a real dispersive metal (exp. silver), we notice that the longitudinal component of the electric field ðE z Þ is not completely zero as in the case of a perfect conductor. Nevertheless, some authors [16] , [18] preserve this nomenclature even in the case of waveguides made in dissipative metal. To prevent any conflict, we have given new names for these modes as follows: (0, 1, 2, 0*, 1*, and 2*).
When a linearly polarized plane wave is incident normal to the E3A structure, only the TE 11 -like modeVmodes 1, 1* or 2 and 2*Vof each annular waveguide, is efficiently excited [16] . In fact, the overlap integral of the incident plane wave over the 0 or 0* mode falls to zero [19] [20] [21] at normal incidence for any polarization direction. The other guided modes ðTE 21 ; TM 11 ; . . .Þ have very small cutoff wavelengths and are never involved in the transmission process over the considered spectral range. Thus, an x -polarized (or y -polarized) incident plane wave will only excite the mode 1* (or 2*) inside the aperture. Fig. 3 depicts the real part of the effective index of these two guided modes. The principle on how the anisotropy can be obtained is explained as follows: at a given wavelength value, W , a geometrical birefringence Án appears induced by the discrepancy between the two cutoff wavelengths ( ). This geometrical anisotropy is obtained from the fact that these cutoff wavelengths depend only on the geometrical parameters of the waveguide section (R im , R iM , and R o ). This is true in the case of a perfect conductor, but the dispersion intervenes if the metal is dissipative. Consequently, the Án value can be controlled and set to the desired value via the design of the structure. 1 The modes with stars on them denote the silver case. In both cases, the outer radius of the waveguide is set to R o ¼ 120 nm, and the core is defined by an elliptical section with a major axis of 2R iM ¼ 160 nm and a minor axis of 2R im ¼ 80 nm.
In our case, the value of the cutoff wavelength of the guided mode, excited by an x -polarized incident wave, depends on R iM and R o . For an y -polarized incidence, the cutoff frequency relies on R im and R o values. Consequently, when excited inside the annular aperture, these modes propagate with different effective indices. Therefore, it is feasible to adjust the thickness of the metallic layer to obtain the desired value of the PD between the emerged two transversal electric field components.
We have to accentuate that due to the high transmission through the metal layer at the operating wavelength, it is imperative that the value of transmission is identical, and therefore efficient, for both modes (x -and y -polarizations). This additional condition is very difficult to be fulfilled in the case of a real dissipative metal. That is because the light distribution of the two guided modes inside the apertures depends on their effective indices. Thus, the losses differ from one to another guided mode since they are directly linked to the penetration of the electromagnetic field into the metal. We will show shortly how we overcome this problem.
To simulate the transmission through the E3A structure (true 3-D calculations), we parallelize the FDTD code by using OpenMP library. We first split the space according to one direction (z-axis). Then, we apply a parallelism loop over the different spatial slices. Note that the degree of parallelism depends on the computational machine. In our work, we use a Dell PowerEdge R910 workstation with Intel Xeon processor E7540 and 256 GB RAM.
For each calculation, only one period of the structure is considered. The Perfectly Matched Layers (PMLs) absorbing boundary conditions are assumed in order to avoid parasitical reflections in the z-direction while maintaining the periodic boundary conditions on the x-and y-directions. We also set the spatial step to x ¼ y ¼ z ¼ 1:25 nm. In addition, we assume that the spatial mesh along the z-direction (perpendicular to the structure) increases gradually from the two metal interfaces (up and down) to reach a value of Á z ¼ 20 nm through a nonuniform mesh grid process. We presume that the temporal step is fixed to À t ¼ 2 Â 10 À18 s. We run the calculations for a total time of about 420 fs through 200 000 time steps. Fig. 4 is generated using 25 different calculations corresponding to the metal film thickness values. Note that we run an extensive number of calculations but we choose to only present the ones with interesting results. A specific E3A structure is then considered where the radii are fixed according to the technological constraints linked to the focused ion beam etching process that can be used for the fabrication of the apertures [22] , [23] . In fact, the minimum distance between the inner and outer parts of one aperture is enforced by the reached minimum ion beam spot dimension of around 40 nm (FEI Dual Beam Strata 235 from Orsay Physics). Consequently, we set the geometrical parameters to R im ¼ 40 nm, R iM ¼ 80 nm and R o ¼ 120 nm. In addition, in order to extinguish the Rayleigh and Wood anomalies from the transmission peaks spectral area [17] , we set the period of the array to p ¼ 300 nm, and we denote by t x and t y the two transmission coefficients of the incident waves linearly polarized along the x and y directions, respectively. These coefficients can be expressed as follows: 
In Fig. 1 , t xy and t yx are the depolarization terms caused by the generation of a transmitted y -component (or x -component) with an x -(or y -) polarized incident beam. As we will demonstrate shortly, by considering both the normal incidence and the properties of symmetry of the E3A structure, these terms become very small and may be disregarded. As a result, the mode 1* is only excited by the x -polarization while an y -polarized incident wave only excites the mode 2* inside the apertures. The transmittivity of the structure may be written as follows:
Therefore, PD is defined by PD ¼ arctanðt yy =t xx Þ. Fig. 4 presents a phase diagram that gives the PD function of the metal thickness and the wavelength. The solid green line denotes a PD of =2, while the dashed area denotes a maximum discrepancy of 5 Â 10 À2 between the two transmission coefficients T x and T y .
We must emphasize on the fact that since the green line follows the first dashed zone in Fig. 4 , it allows us to design QWPs operating between 495 nm and 544 nm with transmission coefficients ranging from 72.5% to 83%. This can be done by only modifying the thickness of the structure. As shown in Fig. 4(a) and (b) , the working point W (thickness h ¼ 182:5 nm) achieves a PD of =2 and a transmission coefficient of 83%.
Note that when a peak of the mode 1* coincides with a peak of the mode 2*, a phase difference of multiple of appears [1] . Consequently, to get a PD of =2, the working point W must be located between two peaks of mode 2*. Therefore, an efficient QWP could possibly be obtained if the gap between these two peaks is very small (flat shape), thus allowing a high value of the transmission coefficient. Yet, these two peaks must appear near the first one (first harmonic of the Fabry-Perot interferences) of mode 1* [1] , as shown in Fig. 4(b) . Fig. 5 shows the fifth root of the electric field intensity distribution at W ¼ 544 nm in different plane-sections of the structure. Two slices are considered in the xz and the yz planes passing through the center of the apertures, while only one slice is depicted along the xy plane at the entrance side of metallic structure. As suspected, the light distribution inside the apertures differs from one to another considering vertical section. In the xz plane, a node of electric field intensity appears at the middle of the metal film (along the z-direction) due to an interference pattern between the upward and downward propagating waves (mode 2*) [9] . In the yz plane, the light distribution is almost uniform indicating a very small value of the effective index of the guided mode (near the cutoff). 1:005e
As anticipated, the structure acts as a birefringent medium. The nondiagonal Jones matrix components, expressed in the x À y coordinates, barely fall. Yet, the two diagonal terms show almost the same amplitude with a PD of =2:008, thus revealing a perfect QWP operating at ¼ 544 nm. Unfortunately, the result of Fig. 4 is obtained in the special case of a self-suspended structure, where media 1 and 2 both have a refractive index of n 12 ¼ 1. To examine a more realistic structure, we study a model where a glass substrate ðn 1 ¼ 1:5Þ is considered to support the metal film. The transmission medium is assumed to be the air ðn 2 ¼ 1Þ. Fig. 6(a) shows a phase diagram presented as a function of the metal thickness. R im , R iM and R o are kept the same as in Fig. 4(a) . The intersection between the =2 PD green line and the dashed zone in Fig. 6 leads to a metal film of h ¼ 152:5 nm thickness. However, the transmission coefficient is reduced to 44% instead of 83%. The transmission coefficients for the two polarizations and the PD for the new working point W 0 are depicted in Fig. 6(b) . Fig. 6 (b) also shows the value W 0 ¼ 740 nm for the working wavelength.
As a result, the use of a substrate leads to Á ¼ 200 nm red-shift of the working point. This effect may be attributed to two facts: i) the influence of the substrate on the reflection coefficient ii) and the change in the evanescent waves diffracted at the entrance side of the apertures (from the bottom where the substrate exists).
The Jones matrix at the point W 0 is given by 
Once again, we prove that a QWP plate operating in the visible range can be obtained without any optimization of the geometrical parameters except for the metal thickness. The evaluation of the bandwidth, over which the plate can be considering as a quarter-wave, may be estimated similarly Fig. 5 . Fifth root of the electric field intensity distribution along five planar sections across the E3A structure. The later is illuminated at normal incidence, from the back, by a linearly polarized beam with the electric field directed along the first bisectrix of xOy . Consequently, the 1* and 2* modes are simultaneously excited. The wavelength is set to ¼ W ¼ 544 nm, and the geometrical parameters of the structure are the same as in Fig. 4 to what was performed in [1] . However, the flat shape of the PD variations around the point W 0 suggests a good tolerance on the value of the wavelength. While this is true, it probably affects the ellipticity of the transmitted wave that is induced by the small difference appearing between the two coefficients T x and T y .
In summary, we theoretically study the transmission properties of an E3A structure and show that it provides a mechanism for the realization of QWPs. First, we use a modal study to demonstrate that the geometry of such structure contributes to an artificial anisotropy which is controlled by the polarization and propagation of the guided modes inside the structure. This is realized without the excitation of any surface plasmon even if these modes have a plasmonic character [17] . Second, we study two different structures and we show that we are able to keep a phase difference of =2, on both structures, by optimizing the metal thickness. In the suspended metallic film structure, we acquire a high transmission coefficient of 83%. As for the more realistic structure of glass substrate, we obtain a transmission coefficient of 44%. Consequently, The geometric parameters of the structure must be calculated again according to the nature of the surrounding media 1 and 2 (substrate and superstrate). In addition, we want to emphasize the fact that even if the manufacturing process by focused ion beam (FIB) can lead to structures with roughness on the interfaces, the transmission will not be greatly affected because no surface waves are involved in the transmission (contrarily to a transmission based on the excitation of a surface plasmon). The fluctuation of the plate thickness can also affect the transmission properties. Nevertheless, Figs. 4(a) and 6(a) show an average tolerance of 10 nm on the value of h (the operating points W and W 0 are still in the gray area). For future work, we are planning on studying the fabrication of our E3A structure when using the focused ion beam. This study introduces two main challenges. The first one is the technological constraint of controlling the thickness of the metal film. The second challenge is rather theoretical, and it involves the design of a half-wave plate from this kind of enhanced transmission metamaterial operating in the visible range.
